Interaction energies between substitutional 3d transition metal elements and an interstitial carbon atom in iron are estimated using the first-principles calculation. Calculated interaction energies are in good agreement with the experimental values reported for Co, Ni and Cu, showing a repulsive interaction experimentally. However, the interaction for such elements as Ti, V, Cr and Mn are also estimated to be repulsive, although the interaction between these elements and a carbon atom is known to be attractive experimentally. This apparent contradiction may be due to a difference in the formation energy of carbide precipitation from the atomic pair interaction energy.
Introduction
Interaction energy between substitutional and interstitial elements in iron has been obtained by evaluation of the solute C content after cementation or internal friction measurement. For example, Nishizawa determined the interaction energy between substitutional and interstitial elements from substitutional alloying element dependence on the experimentally obtained carbon content by the use of the relation between solubility of cementite and alloying element content.
1) Numakura et al. also determined the interaction energy between substitutional and interstitial elements from the extra peak in the profile of the Sneak relaxation due to the substitutional alloying elements.
2) These experiments, however, include ambiguity given below. The internal friction measurement was employed to estimate the carbon content, although the substitutes change the proportionality constant used to evaluate the carbon content from the Sneak peak height. It is difficult to exclude the precipitate from the sample and the interaction energy must be estimated not only from the pair interaction but also from triangular, tetragonal, and higher interactions among the substitutional alloying element and the interstitial element in the sample. To remove the ambiguity from these experiments, further investigation of the atomic interaction energy is required. Furthermore, it becomes more important to evaluate the additive element dependence on the formation of the precipitate owing to less inclusion of carbon in steel, which also requires further investigation of the atomic interaction energy.
The first-principles calculation is used for subjects that are difficult to investigate experimentally. For example, the interaction energies between the substitutional alloying elements in some transition metals have been investigated by the Korringa-Kohn-Rostoker (KKR) method.
3) However, the interaction energy between substitutional and interstitial elements has not been investigated so far, because the KKR method is less appropriate to treat an interstitial impurity with large deformation. On the other hand, the calculation method with the plane wave basis function becomes much more useful owing to the ultrasoft pseudopotential 4, 5) or the projector augmented plane wave method. 6) In this paper, the interaction energy between the substitutional and interstitial elements is investigated theoretically, and the behavior of the substitutional and interstitial elements in iron is discussed.
Calculational Details
In this study it is necessary to optimize the structure for a system that consists of 3d transition metal elements and a first row element. The pseudopotential method with Vanderbilt's ultrasoft pseudopotential [7] [8] [9] [10] is utilized for the efficient structure optimization. The 3d and 4s states for the 3d transition metal elements and the 2s and 2p states for C are treated as valence states. The cutoff energies for the wave function and the charge density are 4:593 Â 10 À17 J (286.7 eV) and 8:812 Â 10 À17 J (550.0 eV), respectively. The expression proposed by Perdew et al. is used for the generalized gradient approximation functional of the exchange correlation energy. 11, 12) The interaction energy ÁE between the substitutional and interstitial elements is given as,
where E is the total energy of the system, M is the substitutional element, X is the interstitial element and n is number of atoms in the unit cell without the interstitial atom. The n must be sufficiently large to obtain the interaction energy accurately, because the calculation uses the periodic boundary condition. Therefore, the lattice relaxation around the C atom is examined for different unit cells, that is, n ¼ 54 (3 Â 3 Â 3 conventional unit cells), n ¼ 128 (4 Â 4 Â 4 conventional unit cells) and n ¼ 250 (5 Â 5 Â 5 conventional unit cells). In Table 1 , the distances between the C atom and the first to fifth nearest neighbor Fe atoms are listed for the above mentioned three different unit cells. The distances between the ideal octahedral site and the first to fifth nearest neighbor Fe atoms are also listed in the column of Fe 54 . The first to fifth nearest neighbor Fe atoms from the C atom represented by X are shown in Fig. 1 . As can be seen in Table 1 , although the first nearest neighbor Fe atom goes away from the C atom, the distances between the C atom and the second to fifth nearest neighbor Fe atoms change little. Furthermore, this feature is almost the same for the cases of n ¼ 54, n ¼ 128 and n ¼ 250. Therefore, the lattice relaxation by the C atom does not significantly affect the position of the atoms in the adjacent unit cell even for n ¼ 54. The lattice relaxation of Fe atoms around the Ti atom, which is substituted for the Fe atom, is shown in Table 2 . Ti is chosen as the substitutional atom because the Ti atom has the largest atomic radius in the 3d transition metal elements. The ideal distances between Fe atoms are listed in the column of Fe 54 . The first to fifth nearest neighbor Fe atoms from the Ti atom (it is represented by M) are shown in Fig. 2 . The first to fifth nearest neighbor interstitial sites from the substitutional atom M are also shown in this figure. In contrast to the relaxation of Interaction between Substitutional and Interstitial Elements in iron Studied by First-principles Calculationthe first nearest neighbor Fe atoms around the interstitial C atom, there is little relaxation even for the first nearest neighbor Fe atoms from the substitutional Ti atom. In addition, we investigate the lattice relaxation for where both the substitutional atom and the interstitial atom are included in the unit cell. The distances between the substitutional Ti atom and the interstitial C atom are listed in Table 3 . In this case the Ti atom is substituted for the first to fifth nearest neighbor Fe atom from the C atom. The calculated results also show that the distances between the Ti atom and the C atom depend very little on the size of the unit cell. Therefore, the unit cell of n ¼ 54 is sufficiently large to obtain an accurate lattice relaxation around the substitutional Ti atom and the interstitial C atom. The calculation is performed for a plural number of k points, and the total energy and the charge density are obtained from the wave functions of the k points. Tables 1, 2 and 3 show that the calculated lattice relaxation around the substitutional Ti atom and the interstitial C atom depends very little on the number of k points.
The unit cell size dependence and the number of k points dependence on the magnetic interaction and the interaction energy are also examined. These dependences on the magnetic moment of the Ti atom and the C atom are shown in Fig. 3 . The C atom is located at the first to fifth nearest neighbor interstitial sites from the Ti atom as shown in Fig. 2 . The cases that the Ti atom or the C atom exists in the unit cell are also calculated. The calculations are performed for 6 cases as shown in Fig. 3 . The magnetic moments of the Ti atom are almost the same except for the cases of n ¼ 54,
give different magnetic moments of the C atom from the other cases. For the longer distance between the Ti and C atoms the magnetic moment of the Ti or C atom becomes closer to the magnetic moment where only the Ti or C atom exists in the unit cell. The magnetic interaction between the Ti atom and the C atom at the fifth nearest neighbor site is very small, because the magnetic moment of the Ti or C atom is almost the same as that where only the Ti or C atom exists in the unit cell. No significant error is obtained for the lattice relaxation, while the error of the magnetic moment is rather large especially for the cases with smaller number of k points. For cases with a small number of k points, the calculation is performed using only the singular k points. The selected k points affect directly the magnetic moment, giving the rather large error. On the other hand, the lattice relaxation is indirectly affected by the k points; therefore, the error of the lattice relaxation is not obvious. The influence of the band structure on the total energy is less direct than that on the magnetic moment. The effect of the selected k points on the interaction energy is thought to be weaker than that on the magnetic moment, since the interaction energy is calculated by the total energies of four systems. The unit cell size dependence and the number of k points dependence on the interaction energy are shown in Fig. 4 and Table 4 . The C atom is located at the first to fifth nearest neighbor interstitial sites from the Ti atom as shown in Fig. 2 . The calculated total energies are almost the same except for the case of n ¼ 54 and k ¼ 1 Â 1 Â 1. The differences between the total Table 3 Distance (in nm) between the C atom and the Ti atoms located at the 1st to 5th nearest neighbor sites from the C atom. The number of grid points for the Brillouin-zone integrations are given in Table 1 . 
All the above-mentioned calculations are performed for the experimentally obtained lattice constant of 0.286 nm. The calculated lattice constant for n ¼ 54 and k ¼ 4 Â 4 Â 4, namely, 0.285 nm is accurate within less than 1%. The lattice constants are optimized for Fe 54 , Fe 54 C, Fe 53 Ti and Fe 53 TiC (all the cases of the first to fifth nearest neighbor) by the calculational condition of k ¼ 4 Â 4 Â 4, the errors between the interaction energies obtained for the experimental lattice constants and those for the calculated ones are less than 0:2 Â 10 À19 J. The changes of the lattice constants of n ¼ 54 by the optimization should be larger than those of n ¼ 128 or n ¼ 250, because the impurity content in n ¼ 54 is higher than that in n ¼ 128 or n ¼ 250. Therefore, the error of the interaction energy for n ¼ 128 or n ¼ 250 owing to lattice constant optimization is also less than 0:2 Â 10 À19 J.
Interaction Energy between Substitutional and Interstitial Elements in Iron
In the previous section the interaction energy can be calculated within precision by the use of the unit cell of n ¼ 54 and the mesh of the reciprocal lattice points of k ¼ 4 Â 4 Â 4. The interaction energies between the substitutional 3d transition metal elements and the interstitial C atom obtained by this calculational condition are presented in Fig. 5 and Table 5 . The C atom is located at the first to fifth nearest neighbor interstitial sites from the substitutional 3d transition metal atom as shown in Fig. 2 . The interaction energies of the first and second nearest neighbor sites are On the other hand, the interaction energies of the third, fourth and fifth nearest neighbor sites differ little for the 3d transition metal elements, and are rather small, that is, less than 0:3 Â 10 À19 J. Therefore, the strong interaction between the substitutional 3d transition elements and the C atom is obtained only for the first and second nearest neighbor sites.
In Fig. 6 the distances between the substitutional 3d transition metal elements and the C atom are shown in order to investigate the origin of the 3d transition metal elements dependence on the interaction energies. In this figure the distances between the substitutional M atom and the C atom are normalized to those between the first to fifth nearest neighbor Fe sites and the C atom. Comparing Fig. 6 with Fig. 5 , the 3d transition metal element dependence on the first nearest neighbor distance between the M atom and the C atom is similar to that on the first nearest neighbor interaction energy. Moreover, the first nearest neighbor distance between the M atom and the C atom is similar to the elemental dependence on the atomic radius. If the 3d transition metal elements substituted in iron are connected by a covalent bond with the surrounding Fe atoms, the bond distance may change dramatically with the number of electrons. The fact that the 3d transition metal element dependence on the interaction energy is similar to that on the atomic radius indicates that the 3d transition metal elements still have metallic electronic state. On the other hand, the 3d transition metal element dependence on the second nearest neighbor distance between the M atom and the C atom does not correlate with that on the interaction energy.
The magnetic moments of Fe atoms around the substitutional M atom are examined in order to understand the 3d transition metal element dependence on the interaction energy. Figure 7 shows the magnetic moments of the Fe atoms at the first to fifth nearest neighbor sites from the substitutional M atom obtained by the calculation of Fe 53 M with k ¼ 4 Â 4 Â 4. The magnetic moment of the C atom at the interstitial octahedral site is supposed to be affected by the 2 first nearest Fe atoms. The 2 first nearest Fe atoms of the C atoms located at the first to fifth nearest neighbor interstitial sites from the substitutional M atom are shown in Table 6 (see also Fig. 2) . In Fig. 8 1st nn 2nd nn 3rd nn 4th nn 5th nn Fig. 6 Normalized distance between the substitutional 3d transition metal atom and the interstitial C atom. Fig. 7 Magnetic moment of the Fe atom located at the 1st to 5th nearest neighbor sites from the substitutional 3d transition metal atom. Table 6 The position of the C atom from the substitutional 3d transition metal atom is shown in the first column. There are two Fe atoms next to the C atom, since the C atoms are located at the octahedral site. In the 2nd and 3rd column, the position of the two Fe atoms from the substitutional 3d transition metal atom is given. neighbor sites from the C atom. The substitutional 3d transition metal atom is located at the 2nd and the 5th nearest neighbor sites from the C atom. Fig. 7 . The substitutional atom dependence on the interaction energy is reproduced fairly well by that on the magnetic moment. Magnetic interaction is an important factor in understanding the 3d transition metal element dependence on the interaction energy. It is impossible to decompose the experimentally obtained interaction energy into the interaction energies of the first to fifth nearest neighbor sites. Therefore, the calculated interaction energies of the first to fifth nearest neighbor sites are averaged in order to compare the calculated interaction energies with the experimental ones. To find the average, the interaction energy is multiplied by the Boltzmann factor as,
where " i is the interaction energy of the i-th nearest neighbor site shown in Fig. 5 and Table 5 , z i is the configuration number, and the temperature T is assumed to be 273 K. The z i are 6, 12, 24, 24 and 24 for i ¼ 1, 2, 3, 4 and 5, respectively. The averaged interaction energy is shown in Fig. 9 , the interaction energies of Co, Ni and Cu are in good agreement with the experimentally obtained values.
1) The experiment shows a rather strong attractive interaction between the C atom and the early 3d transition metal elements of Ti, V, Cr and Mn, while a weak repulsive interaction is obtained by the calculation. In other words, the calculated results disagree with the experimental results, where the attractive interaction is obtained experimentally. This suggests that the calculation does not take account of the phenomenon observed in the experiment. For example, microscopic clusters can be generated by the plural C atoms and 3d transition metal atoms. Although it is currently too expensive in terms of computational cost to consider a large number of cases of interaction energy among more than two atoms, this subject should be investigated in the near future. Another possibility of the phenomenon unexpected in the calculation is that the substitutional element is accompanied with vacancies and interacts with the interstitial C atoms through the vacancies. In this case some interaction energies can be observed by the internal friction measurement, since the vacancy density strongly depends on the sample preparation and the plural C atoms can be captured by one vacancy. 13) 
Stability of Carbides in Iron
In the previous section it is shown that the calculated interaction energies disagree with the experimental ones for where the substitutional atom interacts attractively with the interstitial atom. The stability of the carbides in iron has already been investigated in detail experimentally. The stability of the carbide is examined to confirm the reliability of the calculational method and to discuss the relation between the atomic interaction and the stability of the carbide. The formation energy of the carbide MC from the C atom and the substitutional element M is obtained by,
The calculated values in the previous section are used for the energies of Fe 54 , Fe 54 C and Fe 53 M. Although the only carbide with the NaCl type crystal structure are TiC and VC, the crystal structure of the carbides is assumed to be the NaCl type in order to determine the 3d transition metal element dependence on the stability of the carbide systematically. The lattice parameters of the carbides are obtained by the calculation, because these are not known except for TiC and VC. The calculated lattice parameter of TiC is in good agreement with the experimentally obtained value within an error of 0.2%. Thus, it is appropriate that the calculated lattice parameter is used to obtain the total energy. The unit cell of M 4 C 4 is used for the calculation. The mesh of the reciprocal lattice points of k ¼ 8 Â 8 Â 8 is used after confirming the convergence. The calculational conditions of M 4 C 4 are not same as those of Fe 54 , Fe 54 C and Fe 53 M because of the different crystal system of MC from iron. The difference of the calculational condition may lower the accuracy of the calculated energy. Therefore, we refrain from quantitative discussion on the formation energy. The formation energy of TiC and VC is negative as shown in Fig. 10 , which indicates that the C atom prefers precipitation of the carbides TiC or VC to a solid solution with a Ti or V atom. Since this calculation does not take account of the interface energy between iron and carbide, it is impossible to discuss the stability of the infinitesimal precipitate whose formation and interface energies are comparable. For a sufficiently large precipitate to avoid this problem, the calculated results indicate that the carbides of Ti and V are stable and those of Co, Ni and Cu are unstable in iron. These calculated results are consistent with the experimental ones. In addition, it indicates that the formation of the carbides is not equivalent to the attractive interaction between a pair of C atom and substitutional elements. 
Activity Coefficient
The activity coefficient of C and 3d transition metal elements in iron is calculated to confirm the reliability of the calculational method. The solid solution energy of C and 3d transition metal elements in iron is calculated by,
The activity coefficient of C and 3d transition metal elements is obtained on the assumption that the ÁE does not deviate from that obtained in dilute solutions. The calculated values in the previous section are used for the energies of Fe 54 , Fe 54 C and Fe 53 M. The experimentally obtained most stable crystal structures are used for the calculation of Graphite and M except for Mn. The calculation of Mn is performed for bcc structure of the same atomic volume through the experiment, because the crystal structure of Mn consists of a large unit cell with a complicated atomic position. The meshs of the reciprocal lattice points of k ¼ 12 Â 12 Â 4 and k ¼ 12 Â 12 Â 12 are used for Graphite and M, respectively. The calculated and experimental activity coefficients are listed in Table 7 . The experimental activity coefficient of C is from Ref. 14, and those of the 3d transition metal elements are estimated from the activity of M ¼ 0:0001 mol% at temperatures of 1073 K calculated by the Thermocalc. The calculated values do not coincide with the experimental values. One of the reasons for the disagreement is that the different calculational conditions of Graphite and M from those of Fe 54 , Fe 54 C and Fe 53 M may lower the accuracy. The other reason is that the interface between Graphite (or M) and iron cannot be taken into account in these calculations due to the calculation time. However, the whole trend of the calculated activity coefficients has some resemblance to that of the experimental coefficients. The activity coefficients of C and Cu are calculated as being rather large values, because the solid solution of these elements in iron is difficult. The experimental activity coefficients of C and Cu are also larger than the other 3d transition metal elements. The calculated and experimental activity coefficients of Ti, V, Cr, Mn, Co and Ni are shown in Fig. 11 . The calculated values have a similar trend to the experimental values except for Cr.
Summary
Previously, the formation energy of the transition metal carbides in iron were considered related to the interaction energy between the transition metal element and the C atom. The interaction energies obtained by the first-principles calculation are in good agreement with the experimentally obtained values for Co, Ni and Cu which interact repulsively with the C atom in the experiment. On the other hand, the calculated and the experimentally obtained results are contradictory for the 3d transition metal elements of Ti, V, Cr and Mn, which have attractive interaction. One of the reasons for the contradiction is supposed to be that the plural transition metal atoms interact with the C atoms in the experiment. Another reason is that the transition metal atom interacts with the C atom through the vacancy. The calculated stability of the carbides agrees well with the experimentally obtained results. The explanation for these facts may be that the atomic interaction between the 3d transition metal M atom and the C atom becomes attractive only for a precipitate larger than a certain size even when the stable precipitate consists of the 3d transition metal element M and the C atom.
In the future it is necessary to study the atomic interaction using an experimental technique to examine the atomic position, for example by applying a 3D atom probe.
